The Torfajökull volcanic system is one of approximately 30 active volcanoes comprising the neovolcanic zones of Iceland. The central volcano of the system is the largest silicic centre in Iceland with a caldera of approximately 12 km diameter. Its high-temperature geothermal system is one of the most powerful in Iceland. Torfajökull is a source of persistent seismicity, where both high-and low-frequency earthquakes occur. To study this microseismicity in detail, a temporary array of 20 broad-band seismic stations was deployed between 2002 June and November. These temporary stations were embedded in the permanent South Iceland Lowland (SIL) network and data from nine adjacent SIL stations were included in this study. A minimum one-dimensional (1-D) velocity model with station corrections was computed for earthquake relocation by inverting manually picked P-and S-wave arrival times from events occurring in the Torfajökull volcanic centre and its surroundings. High-frequency earthquakes from the Torfajökull volcanic centre were then relocated calculating a non-linear, probabilistic solution to the earthquake location problem. Subsequently, we correlated the waveforms of these 121 events (∼2000 observations) to define linked events, calculated the relative traveltime difference between event pairs and solved for the hypocentral separation between these events. The resulting high-resolution pattern shows a tighter clustering in epicentre and focal depth when compared with original locations. Earthquakes are mainly located beneath the caldera with hypocentres between 1 and 6 km depth and lie almost exclusively within the geothermal system. A sharp cut-off in seismicity at 3 km suggests either that there is a marked temperature increase or that this is a structural boundary. No seismic activity was observed in the fissure swarms to the northeast (NE) and southwest (SW) of the volcanic centre.
INTROD U C T I O N
Precise earthquake hypocentre locations are required to study structure and processes that trigger seismic activity. The spatial and temporal distribution of earthquakes provide information on tectonic regime and material properties of an area, and on the depth of the brittle-ductile transition.
The accuracy of hypocentre locations and their uncertainties depend on several factors, including the number and type of available seismic phases recorded at the seismometers, the accuracy with which arrival times can be measured, the network geometry, knowledge of the crustal velocity structure and the linear approximation to a set of non-linear equations, which is assumed in the inversion. Standard earthquake location routines mostly use one-dimensional (1-D) velocity models. In general, such reference models are constructed using a priori information such as the surface geology, and seismic refraction and reflection data. The accuracy of the 1-D model can be improved by including information from recorded earthquakes, usually by a joint hypocentre-velocity inversion (Kissling 1988; Kissling et al. 1994) . By calculating 1-D station terms, this approach also partially accounts for the three-dimensional (3-D) velocity variations in the upper crust, which can introduce systematic biases into the estimated traveltimes and, hence, into the hypocentre locations.
Further improvements in the precision and reliability of earthquake locations can be achieved by using a probabilistic, non-linear earthquake location method instead of a linearized algorithm. The probabilistic, non-linear earthquake location problem was formulated by Tarantola & Valette (1982) . Increasing computer power, and the combination of probabilistic earthquake location and nonlinear, global search algorithms (Lomax et al. 2000) , such as the Metropolis-Gibbs or the Oct-Tree Importance sampling algorithm (Lomax & Curtis 2001) , now permit the regular use of probabilistic earthquake location. Major advantages of this approach are that this method (i) provides a complete description of location uncertainty estimates, and (ii) can be used with any available velocity model and method of traveltime calculation.
Furthermore, we can improve the location accuracy by applying the double-difference relocation technique of Waldhauser & Ellsworth (2000) . With this technique the residuals between observed and theoretical traveltime differences are minimized for pairs of earthquakes at each station and the spatial offset between these events can be computed with high accuracy. The location method incorporates ordinary absolute traveltime measurements and/or crosscorrelation P-and S-wave differential traveltime measurements.
In this paper, we present the results of a seismicity study in the Torfajökull volcanic complex in south Iceland. The motivation for this study was to obtain precise hypocentre locations for microseismic events occurring in the volcanic centre and to study in more detail the processes that trigger these earthquakes. This paper describes the three-step procedure that was applied to calculate precise hypocentre locations and demonstrates the improvement we obtain with every step.
We first calculated a minimum 1-D model (Kissling et al. 1994 ) using VELEST. The minimum 1-D model and calculated station terms served as input to the probabilistic, non-linear, global-search earthquake location routine NONLINLOC (Lomax & Curtis 2001) . Subsequently, we performed relative relocation of correlated event pairs using HYPODD (Waldhauser & Ellsworth 2000 , 2002 . First motions have been used to calculate focal mechanisms with the FPFIT program (Reasenberg & Oppenheimer 1985) .
Compared to previous studies (Soosalu & Einarsson 1997 , 2004 ), our mapped hypocentres are more clustered vertically and horizontally, and are concentrated in shallower regions inside the Torfajökull Katla (K) . The smaller index map shows location of the study area related to the Mid-Atlantic plate margin: Western (WVZ); Eastern (EVZ) and Northern (NVZ) volcanic zones, and South Iceland Seismic Zone (SISZ). After Soosalu & Einarsson (1997). volcanic complex. Reasons for this include the combination of a denser and more local network, an improved initial velocity reference model and non-linear relocation techniques.
STUDY A R E A A N D D ATA
The Torfajökull volcanic complex (Fig. 1) is situated on the MidAtlantic plate boundary, at a junction between a transform (the South Iceland Seismic Zone) and a spreading segment (the Eastern Volcanic Zone). The Torfajökull volcanic complex consists of a large plateau that rises more than 550 m above the surrounding lava plains. The complex encompasses a ring fault structure, a large subsidence caldera and an abundance of rhyolitic rocks (Saemundsson 1972 (Saemundsson , 1982 . Towards the northeast (NE) the Torfajökull area is bounded by the Veidivötn fissure swarm and to the southwest (SW) by the Tortajökull volcanic fissure system. Torfajökull is built on an older underlying basaltic crust and contains a large high-temperature geothermal area, with geothermal manifestations covering an area of 140 km 2 (Arnórsson et al. 1987) . The last eruption occurred at the end of the 15th century (Larsen 1984) . The postglacial rhyolitic sites lie at the western edge of the caldera and form a NE-SW elongated zone of faults and fissures. The NE-SW tectonism also continues in the fissure swarms towards the NE and SW. Previous studies of the seismicity in the Torfajökull volcanic region were made using data from seismometers in the permanent South Iceland Lowland (SIL) network ( Fig. 1 ; Soosalu & Einarsson 1997 , 2004 ) and three local one-component analogue stations. Their results showed that earthquake activity occurs inside the volcanic complex and is greatest between 5-12 km depths. The authors also describe a spherical volume at 8 km depth with a diameter of 4 km void of earthquakes, which they interpret as indication of a cooling, but mostly solidified magma volume. Numerous low-frequency events, which appear to cluster in the southern part of the caldera, have also been observed at Torfajökull (Brandsdóttir & Einarsson 1992; Soosalu & Einarsson 2003) . High-temperature geothermal activity and frequent small low-frequency earthquakes may also be indicators for an active, shallow magmatic volume beneath Torfajökull.
Between 2002 June and November, a temporary array of 20 seismometers was installed in and around the Torfajökull caldera region to record the seismic activity of the area (Fig. 1) . Each station was equipped with a Guralp CMG-6TD three-component seismometer (0.03-50 Hz) and a GPS synchronized clock, and the data were digitally recorded and sampled at 50 Hz. The data presented in this study cover a period of 153 days from early June until early November 2002.
The temporary network recorded several hundred local earthquakes and arrival times were picked manually for events recorded at eight or more seismometers. Preliminary earthquake locations were obtained by using HYPO2000 (Klein 2002) , a four-layer, 1-D velocity structure (Soosalu & Einarsson 1997) Depth (km) Figure 2 . 77 events and associated ray paths (simplified by straight lines) used to calculate minimum 1-D model. For a better ray coverage, events from outside the Torfajökull volcanic centre were included in the inversion (see text for explanation). Grey stars denote locations of two shots, which were used to determine location accuracy.
P-wave traveltime residuals greater than 0.5 s were removed from the data set. Subsequently, the following criteria were used to select well-locatable events: (i) a maximum station azimuthal gap of 180
• and (ii) eight or more P and at least two S observations. 18 of these well-locatable events were also recorded by the SIL network (Stefánsson et al. 1993) , so for these events readings from 9 surrounding stations ( Fig. 1) were also included in this study.
The resulting data set consists of 121 events with 1322 P-and 441 S-wave arrivals. For the calculation of the minimum 1-D model, we selected 44 events from this data set and 33 earthquakes occurring outside the Torfajökull volcanic complex to obtain a reasonably homogeneous ray coverage. Kissling (1988) introduced the term 'minimum 1-D model' to denote a 1-D model with corresponding station corrections that leads to the smallest possible uniform location error for a set of well-locatable events. Data used for the computation of the minimum 1-D model must be of high quality and must sample the target region evenly. In order to obtain a representative 1-D velocity structure for the Torfajökull volcanic complex and the surrounding area sampled by rays travelling to permanent SIL stations, we selected 44 events from inside the caldera, and included 26 earthquakes occurring in the Katla volcanic centre south of the temporary array and 7 earthquakes from the South Iceland Seismic Zone to the west (Fig. 2) . The final data set for the calculation of the 1-D model consisted of 75 events with 1082 P-and 419 S-wave observations (manually picked).
Minimum 1-D model and station delays for the Torfajökull volcanic region
The minimum 1-D model was calculated by series of simultaneous inversions for 1-D velocities, hypocentre locations and station delays, incorporating available a priori information into the definition of the layering and initial velocities. The forward problem is solved by ray tracing from source to receiver, computing direct, refracted and reflected rays passing through the 1-D model. The inverse problem is solved by using a damped least-squares method. To avoid the classical problem of getting trapped in a local minimum, rather than finding the global one, the calculation of the minimum 1-D model is a trial and error process using a wide range of velocities as initial guesses. To find a representative minimum 1-D model for the Torfajökull volcanic region two different inversion procedures have been applied. Initially, only P phases were used because they provide good spatial sampling of the subsurface and have smaller picking errors than S phases, and thus lead to a more stable solution. After inversion for P-wave velocities, the S phases were included in the process to invert jointly for a 1-D P-and S-wave velocity model.
The final minimum 1-D model for P-and S-waves is shown in Fig. 3 crustal models derived from active seismic experiments in Iceland shows conformity in layering and P-wave velocities between our model and results published by Pálmason (1971) and Flóvenz & Gunnarsson (1991) . The model used in seismic studies around the Torfajökull central volcano by Soosalu & Einarsson (1997) shows different layering and in general lower velocities than the minimum 1-D model derived here. A series of tests to assess the quality and stability of this 1-D model was carried out. Shifting the initial values for hypocentral coordinates randomly in each direction (x, y, z) by 6 to 8 km before introducing them in the joint velocity hypocentre inversion provides a check for an eventual small bias in the hypocentre locations and for the stability of the solution to the coupled problem. If the proposed minimum 1-D velocity model represents a robust minimum in the solution space, no significant changes in velocity and hypocentre locations are to be expected. Fig. 4 displays the difference in focal depth, latitude and longitude between the original hypocentres and the hypocentres recalculated after they had been randomly shifted. . Mislocation of hypocentres randomly shifted by 6 to 8 km before introduction into the inversion using the minimum 1-D model (Fig. 3) . Grey dots denote the difference between randomized input (shifted hypocentres) and minimum 1-D locations (original locations), black dots denote relocated hypocentres. The average remaining shift between the minimum 1-D locations and the output of this test and the standard deviation is given to the right. Hypocentres are relocated to their original position, indicating that no location bias is present.
are not systematically biased. The biggest shift in depth between original and relocated hypocentre is observed for a few events occurring at the Katla volcano. This is mainly a result of picking uncertainties resulting from the emergent onset of some of these volcanic events.
Relocating explosive shots provides a good absolute error estimation for hypocentre locations. To provide independent information for such testing, the arrivals from the shots were not included in the previous inversion process. Two shots fired in the NE and SW regions of the temporary array ( Fig. 2) were relocated using the minimum 1-D model with corresponding station corrections. From the mislocation vector of the relocated shots, we estimate an absolute error of 500 m in epicentre location and 1.5 km in focal depth for the well-locatable events. However, the relocation of shots represents a special problem, because shots are mainly located at the surface, with their focal depth being 0 km. Hence, the error estimation may lead to a higher uncertainty in focal depth and a lower uncertainty in epicentre location compared with normal earthquakes.
Station delays to a minimum 1-D model depend primarily on lateral variations in the shallow subsurface and, therefore, should reflect the averaged basic features of the local surface geology and crustal structure (Kissling 1988; Husen et al. 1999) . The resulting station delays (Fig. 5 ) relative to the reference station TORF in the central part of the area support the validity of the velocity model by primarily reflecting the general near-surface geology. They show positive values (corresponding to true velocities lower than the 1-D model velocities) in the area dominated by hyaloclastite and sediments in the SE, and negative values for the stations located on basic and acid lavas in the centre and the NW of the study area. The absolute station delays range between −0.22 and +0.12 s for P and −0.16 and +0.5 s for S waves. They tend to be larger at the margins of the network as a result of the distribution of earthquakes and distances of observations at these stations. 
Standard earthquake relocation with HYPO 2000
We use the minimum 1-D P-wave velocity model, a vp/vs ratio of 1.78 and station corrections to obtain standard earthquake locations using HYPO2000 for the data set of 121 events described earlier (Fig. 6 ). Despite the relatively short time span, the data set provides an excellent source for a detailed study of the seismicity in the Torfajökull volcanic area. The overall distribution of hypocentres can be regarded as representative, when compared to data sets recorded over previous time periods (Einarsson 1991; Soosalu & Einarsson 1997 , 2004 ). In addition, as a result of the much denser temporary network (average station separation in this study is 10 km, compared with ∼40 km in Soosalu & Einarsson 1997 , 2004 , the location error, particularly in depth, is expected to be much smaller than in previous studies. Soosalu & Einarsson (1997) indicated the horizontal error of their hypocentre locations as 1 km and the depth error as 2 km. Their error in depth seems partly to be underestimated if one considers that the distance to the closest station in their study varied between 3 and 44 km. Fig. 6 shows relocation results for these 121 events. Events are concentrated inside or at the western edge of the caldera rim, there is no seismic activity in the fissure swarms, and epicentres are generally shallow and do not exceed 6 km depth. The average dimensions of the principal axes of the error ellipsoid as calculated by HYPO2000 are 380 m in latitude, 245 m in longitude and 860 m in depth, respectively. However, these resolution estimates are not very precise, because the solution only includes traveltime uncertainties and does not consider location uncertainties resulting from the geometry of the network, errors in the calculation of theoretical traveltimes, errors resulting from the non-linearity of the relocation problem, and errors in the velocity model. Local (Richter) magnitudes (M L ) were calculated on records transformed to the response of a Wood-Anderson instrument with Seismic Handler (Stammler 1992 ) using the formula
where A is the maximum digital amplitude and σ is a tabulated function of epicentral distance in kilometers (Stammler 1992 ). The final magnitude for an earthquake is the mean of all magnitudes determined from each station. For the 18 events also recorded with the SIL network, magnitude values determined with this method were in good agreement with magnitudes published by the Icelandic Meteorological Office. Magnitudes of recorded earthquakes are rather small and range from 0.2 to 2.3 (Fig. 6) , with only three earthquakes of magnitude 2 or greater. We applied the frequency-magnitude relationship of Gutenberg & Richter (1941) to estimate the b value and the magnitude of completeness for our data set. The maximum derivative of the frequency-magnitude distribution was used to estimate the magnitude of completeness and indicates a threshold of 1 (i.e. the data set of earthquakes used in this study is complete for those events of magnitude 1 and greater). For these earthquakes, a b value of 1.05 ± 0.1 is obtained using the maximum likelihood method.
Probabilistic, non-linear earthquake locations for Torfajökull
We calculated probabilistic earthquake locations for the Torfajökull volcanic complex using the software package NONLINLOC (Lomax et al. 2000) , which includes systematic, complete grid search and global, non-linear search methods. Unlike linear approaches, NON-LINLOC can be used with any available velocity model (1-D, 2-D, or 3-D) and it provides comprehensive uncertainty and resolution information, represented by a posteriori probability density function (PDF) of model parameters. The location algorithms follows the probabilistic formulation of inversion presented by Tarantola & Valette (1982) . In brief, the complete, probabilistic solution can be expressed as a posteriori PDF if the calculated and the observed arrival times are assumed to have Gaussian uncertainties expressed by covariance matrices, and if the prior information on origin time is taken as uniform. This assumption allows a direct, analytical evaluation of the PDF for the spatial location and the origin time. A complete description of this formulation is given by Tarantola & Valette (1982) and Moser et al. (1992) .
NONLINLOC computes the a posteriori PDF via:
(i) a grid search location based on a nested grid search; or (ii) a Metropolis-Gibbs sampling algorithm performing a directed random walk within a spatial volume to obtain a set of samples that follow the 3-D PDF for the earthquake location; or (iii) an Oct-Tree sampling algorithm, which gives accurate, efficient and complete mapping of earthquake location PDFs in 3-D space (Lomax & Curtis 2001 ).
The solution is in any case fully non-linear and reflects location uncertainties resulting from the geometry of the network, picking errors of the observed arrival times and traveltime calculation errors. The location uncertainties can be shown as confidence volumes or confidence contours if the complete PDF is available (as obtained by the grid search algorithms), or by density scatter plots (Fig. 7) if the complete PDF is not available (Metropolis-Gibbs and OctTree sampling algorithm). The final hypocentre location (Fig. 7) is given by its maximum likelihood (or minimum misfit) value or by the expectation hypocentre location (Gaussian estimator).
We relocate all 121 events using the Oct-Tree algorithm (Lomax & Curtis 2001) , which uses recursive subdivision and sampling of cells in 3-D to generate a cascade of sampled cells. The number of sampled cells follows the values of the PDF at the cell centre, thus leading to a higher density of cells in areas of higher PDF (lower misfit). The algorithm is 100 times faster than the grid search algorithm and relative minima are avoided reliably.
Although global search methods (like Oct-Tree) can be easily applied with 2-D or 3-D velocity models (for examples see Lomax et al. 2000; Husen et al. 2003) , we use the newly derived minimum 1-D model for P-and S-wave velocity (Fig. 3) as an initial reference model. Because no seismic refraction or reflection profiles have been carried out in the vicinity of our study area, no a priori information on the 2-D or 3-D crustal velocity structure is available. However, the minimum 1-D model represents a velocity-depth model, which best fits observed P-and S-wave arrival times, and the corresponding station corrections partially account for 3-D velocity variations within the crust. Therefore, it represents the best possible velocity model for the relocation process. We also specify measurement errors in the form of a weighting scheme (Table 2) , assigning each traveltime uncertainty an appropriate weight. All events are relocated using the same parameters, such as initial grid size and number of samples drawn from PDF. Fig. 8 shows differences in focal depth locations obtained by NONLINLOC and the original earthquake location routine ( HYPO2000). No systematic shift in epicentre location is observed, the average shift in longitude and latitude being around 400 m. Slightly higher shifts in the depth of earthquakes (average 720 m) are observed towards shallower focal depths (Fig. 8a) . The relative shift in all directions is in general rather small and stays mostly within our estimated error limits of 500 m in epicentre location and 1.5 km in focal depth. Nevertheless, as a result of the non-linear localization process and the minimum 1-D velocity model, we observe a tighter clustering of hypocentres between 1 and 4 km depth (Fig. 8) , compared with the preliminary located events (Fig. 6) .
A few individual earthquakes show relatively large shifts in epicentre and focal depth. To investigate the location uncertainties and their origins, we analyse density plots for four representative events (Figs 9a-d) . The investigation of PDF plots reveals that most of the large shifts between probabilistic hypocentre locations and HYPO2000 locations (Fig. 8) are consistent with large location uncertainties. In a few cases, the expectation location does not approximate the maximum likelihood location very well (Fig. 7) . These hypocentres are not correctly identified as ill-conditioned using traditional location algorithms such as HYPO2000 (Husen et al. 2003) . In general, events with a higher number of observations (>10) result in a more stable solution of the location problem and a clear single minimum of the epicentre location (Figs 9b-d ) . Apart from the number of observations, the distance to the closest station remains critical. At least one P-wave arrival is required at a station within a distance of approximately 1.5 focal depths from the source (Deichmann 1987 ) and one S-phase recorded within the same distance can provide a powerful constraint on the focal depth (Gomberg et al. 1990) . Because earthquakes in the Torfajökull region are rather shallow (1-6 km) and the station spacing is approximately 10 km, we decided to loosen the above mentioned criteria slightly and also to include events with the closest P-wave arrivals from events up to two focal depths away. Figs 9(b) and (c) show density scatter plots for events with a similar number of observations (20 and 17), but (b) shows P-and S-wave arrivals within a distance of approximately 2 focal depths and (c) shows P-and S-wave arrivals within a distance of approximately 1.4 focal depths. Although the location uncertainty for the events with more distant stations is larger and the PDF shows a larger elongated minimum, the focal depth is still well constrained and the location uncertainty relatively small. As expected, the smallest error ellipses and most compact solutions are observed for events with a high number of observations and with P and S arrivals at stations close to the epicentre (Fig. 9d) .
It is also important to mention that, theoretically, uncertainties included in the probabilistic solution are absolute. However, because we are not able to estimate the error in our velocity model, these uncertainties should be interpreted as relative. In an earlier section, we estimated the absolute location error as 500 m in epicentre and 1.5 km in focal depth. These estimations were confirmed by relocating the two shots again with NONLINLOC. In Figs 9(a)-(d), we also show horizontal and vertical error estimates as indicated by HYPO2000. By comparing these error estimates with the size of the 68 per cent confidence ellipsoid resulting from the probabilistic location, it becomes evident that HYPO2000 error estimates are far too small. The maximum likelihood location for these individual cases do not lie within the HYPO2000 error estimates.
RELATI V E E A RT H Q UA K E R E L O C AT I O N
We further applied the double-difference algorithm ( HYPODD) developed by Waldhauser & Ellsworth (2000 , 2002 . The algorithm takes advantage of the fact that if the hypocentral separation between two earthquakes is small compared with the event-station distance, then the ray paths between the source region and any given station are similar along almost the entire ray path (Got et al. 1994 ). Therefore, the difference in traveltime for two events recorded at one particular seismometer can be attributed entirely to the spatial offset between the events (Poupinet et al. 1984) . The double-difference algorithm minimizes the residuals between observed and calculated traveltime differences for pairs of earthquakes at common stations by iteratively adjusting the vector difference between the hypocentres (see Waldhauser and Ellsworth 2000 for a detailed description of the method). This technique has been used in many recent studies (e.g. Hayward fault by Waldhauser & Ellsworth, 2000 ; Calveras fault by Schaff et al. 2002; Long Valley Caldera by Prejean et al. 2002;  and North Apennine Belt by Chiaraluce et al. 2003) and has produced sharp images of fault structures studied. However, in contrast to our data set, the above mentioned studies dealt with large data sets recorded over long periods of time. We apply the technique to a relatively small number of earthquakes to test whether there is clustering of events in certain areas of the volcanic complex. The algorithm allows the use of any combination of ordinary picks from earthquake catalogues and/or differential traveltimes from phase correlation of P and/or S waves. Phase correlated data and ordinary picks are relocated simultaneously, applying a weighting scheme that ensures that the catalogue data mainly constrain the relative position of events without sacrificing the highly accurate cross-correlation data that constrain the locations of close-by events (Waldhauser & Ellsworth 2000) .
We calculate catalogue traveltime differences for P-and S-wave arrivals from pairs of earthquakes separated by less than 4 km distance. In addition to these catalogue traveltime differences, we obtained differential traveltimes from correlated waveforms. Two waveforms were considered similar within a tapered 1-s (50 samples) window if they had a cross-correlation coefficient above 75 per cent (see an example of similar waveforms in Fig. 10 ). Differential traveltimes were calculated when the above mentioned criteria were satisfied at three or more stations per event pair. The distribution of cross-correlation values for measured P-and S-wave differential traveltimes are shown in Fig. 11 . Both distributions feature a peak at 0.85 coherency, indicating high quality of the data. From the initial data set, 55 events passed the correlation criteria and were relocated with HYPODD. Hypocentral errors are estimated using the singular value decomposition, the resulting mean errors being 60, 75 and 90 m, in latitude, longitude and depth, respectively. These error estimates are only relative, because HYPODD inverts for relative earthquake locations. The average shift between initial (NONLINLOC) and final hypocentres was small with ±150 m in epicentre and ±200 m in focal depth, and, hence no significant change in the pattern of seismicity was observed (Fig. 12) . However, several hypocentres mainly in the NW part of the caldera showed a tighter clustering after the relocation process. This result indicates that the hypocentre locations obtained with NONLINLOC are already precise and well constrained. In most cases the newly determined locations lie within the error ellipse of the previous locations, very close to the maximum likelihood solution (Fig. 9d) .
We have also tried to relocate the remaining 66 events, but failed to calculate a proper data set for differential traveltimes from correlated waveforms, mainly as a result of the small number of observations. Relocating the data set with catalogue traveltimes only resulted in an unstable solution and location errors of several hundred metres.
FAULT PLA N E S O L U T I O N S
Fault plane solutions for relocated events were determined using the FPFIT program by Reasenberg & Oppenheimer (1985) . 32 of the recorded events had 8 or more first motion readings. The FPFIT program constrains the mechanism to be double-couple and performs a grid search over the available solution space. The assumption of a pure double-couple solution appears questionable for all earthquakes occurring in volcanic areas. Especially larger earthquakes (magnitude > 5) cannot be described by the conventional double-couple force model adequately, because such events may involve the opening and filling of tensile cracks with fluid ( Ekström 1998; Konstantinou et al. 2003) . Miller et al. (1998a,b) observed clear cases of non-double-couple earthquakes in volcanic and geothermal areas in Iceland, California and Japan. In all three areas, small earthquakes were found that have unequal dilatational and compressional areas on the focal sphere, suggesting isotropic components in their mechanisms. We investigated our data set for the existence of non-double-couple mechanisms. However, because earthquakes occurring in the Torfajökull volcanic region have small magnitudes (mainly < 2), reliable first motion readings are rare. Hence, the data set does not provide enough information for a thorough and conclusive study on non-double-couple mechanisms. The focal mechanisms we computed for the Torfajökull central volcano (Fig. 13) are at least consistent with a double-couple solution, although non-double-couple solutions cannot be precluded. Almost all earthquakes show normal faulting with a strike-slip component.
In the next section, we discuss only fault plane solutions, which have an error of less than 10 • in strike, slip and rake, and do not allow multiple solutions (Table 3) .
Discussion of relocation results and fault plane solutions
High-frequency seismic activity in the Torfajökull volcanic complex occurs almost exclusively within active geothermal areas (Fig. 14) . Torfajökull is characterized by high-temperature geothermal activity and comprises the largest geothermal field in Iceland, with surface thermal manifestations inside and at the borders of the caldera (Arnórsson et al. 1987) . Within Torfajökull, one or more caldera collapse events have occurred and the caldera has since been filled with more recent extrusives (Gunnarsson et al. 1998) . The bordering ring fault structure is probably related to the caldera subsidence (Walker 1974) . Surface thermal manifestations, which include extensive alteration, warm and boiling springs, mudpots and a large number of fumaroles cover an area of 140 km 2 and lie within and around the most recent postglacial rhyolite eruptions. The excess heat flow is attributed to minor basic intrusions, where the volume of magma intruded is several times that which erupts (Walker 1974) . These basic magmatic events form intrusive sheets, because they fail to penetrate the surface as a result of the higher viscosity of overlying rhyolitic rocks. Some of the surface deformation and seismicity could result from these intrusions and cooling of the sheets (Walker 1974 ). The highest seismic activity is observed in the geothermal field around Hrafntinnusker and at the NW border of the caldera, and seismic activity decreases towards the centre of the caldera (Fig. 14a) . A few earthquakes were recorded in the NE part of the caldera around Landmannalaugar. No high-frequency earthquakes occurred in the eastern part of the caldera and the fissure swarms to the NE and SW of the volcanic complex were seismically quiet during the recording time period. The NW-SE cross-section (Fig. 14b) shows that the earthquakes are rather shallow and do not exceed 6 km in depth, with most earthquakes within the first 3 km below the surface. An interesting feature is the rather sharp cut-off of seismicity below 3 km in the central part of the profile, suggesting a strong structural or temperature boundary in this region. The termination of seismicity at this depth could indicate the extent to which brittle slip occurred in the vicinity of the boundary fault during the caldera subsidence. To discuss the seismicity pattern in more detail, we plot three NE-SW trending cross-sections through the northern (Fig. 14c) , central ( Fig. 14d) and southern (Fig. 14e) parts of the seismically active area.
The northern profile BB (Fig. 14c ) crosses an area of NE-SW striking faults, which mark the most recent silicic postglacial eruptive fissures and where most of the present earthquake activity is located. This region is slightly outside the caldera ring structure and lies partly between two geothermal fields (Fig. 14a) . The crosssection reveals a seismicity pattern that seems to show a steeply dipping fault structure between 1-3 km depth and a cluster of earthquakes between 3-4 km depth. Two fault planes solutions calculated for a magnitude 2.2 earthquake at 3.4 km depth (e in Fig. 14a ) and a smaller earthquake at 2.2 km depth (c in Fig. 14a ) suggest normal faulting with some strike-slip motion and reflect the present day situation of fault tectonics in this region (NE-SW extension). The clustering of earthquakes in this region may also indicate the location of a segment of the caldera ring fault, which is now buried under newer deposits. Profile CC (Fig. 14d ) cuts through the southwesternmost part of the caldera rim and shows seismic activity down to approximately 3 km in the SW, with a few earthquakes occurring at greater depth towards the centre of the caldera. The fault plane solution for an earthquake at 2.4 km depth in the NE cluster (f in Fig. 14a ) shows normal faulting with some strike-slip, the orientation of the fault plane being NW-SE, parallel to the caldera rim. Another interesting feature in this cross-section is the cluster of seven earthquakes situated around 4 km depth, for which two fault plane solutions could be calculated. This cluster is slightly offset from the cluster above and the two fault plane solutions show clear thrust mechanisms. These mechanisms could possibly be explained by magmatic events, where magma is injected into a shallow crustal layer without surface effusion. The southernmost cross-section (DD ) reveals a similar picture, with high seismic activity down to approximately 3 km depth close to the caldera rim and a few deeper earthquakes towards the centre outside the geothermal area. Fault plane solutions calculated for two earthquakes at 1.0 and 1.8 km depth again show normal faulting with some strikeslip motion and a fault plane almost parallel to the caldera ring structure. . Distribution of polarities on lower hemisphere for fault plane solutions discussed in Table 3 and Fig. 14. Open circles mark dilatational arrivals, crosses mark compressional arrivals. P and T are pressure and tension axes.
Recent geophysical studies in the Torfajökull volcanic region focused on the possible existence of a shallow magma chamber beneath the caldera (Gudmundsson 1988; Soosalu & Einarsson 2004 ). High-temperature geothermal fields and persistent shallow seismicity in the area suggest the presence of a magma chamber as observed beneath other active volcanoes in Iceland (Krafla by Brandsdóttir et al. 1997 ; Grimsvötn volcano by Gudmundsson & Milsom 1997 ; Katla by Gudmundsson et al. 1994) . Gudmundsson (1988) discusses the existence of the Torfajökull magma chamber and suggests that its top lies at a depth of approximately 3 km based on a magnetotelluric survey by Eysteinsson & Hermance (1985) . Soosalu & Einarsson (2004) find no evidence for a volume of molten material in their study on body wave propagation of local earthquakes, but suggest that intense geothermal activity and low-frequency earthquakes in the southern part of the caldera (Brandsdóttir & Einarsson 1992; Soosalu & Einarsson 2003) Table 3 ). Red lines outline high-temperature geothermal areas (after Arnórsson et al. 1987) , colour key of geology as in of magma. They also discuss the existence of a cooling, mostly solidified, large magma volume at around 8 km depth beneath the caldera. A number of low-frequency events were observed in the southern part of the caldera between 2002 June and November. These events are very different from the high-frequency events, because they contain only low frequencies (1 to 3 Hz), have very small and emergent P onsets, and are small in magnitude (typically <1). Low-frequency events mainly occur in swarms and their hypocentre locations are difficult to obtain as a result of the large error associated with the emergent characteristic of the P-and S-wave arrivals. A current study by Soosalu & Einarsson (2003) is investigating these events and the processes causing them.
Our study does not show direct evidence for a magma chamber and/or a body of cooling magma. We find that seismic activity in the northwestern border region of the caldera is being controlled by the NE-SW striking postglacial eruptive fissures and by hydrothermal processes. Shallow seismicity (<3 km) in the vicinity of the caldera ring fault is probably triggered by caldera subsidence. Fault plane solutions of these events are normal faults with some strike-slip component and are similar to the finding of on stress fields generating ring faults in volcanoes. Seismicity terminates at approximately 3 km depth, suggesting a strong structural and/or temperature boundary at that depth. We find two unusual fault plane solutions (thrust mechanisms) for a cluster of events at greater depth (b and d in Fig. 14a ). Earthquakes showing thrust fault mechanism in volcanic areas have been studied recently (Haroharo area by Hurst et al. 2002; Bardarbunga volcano by Konstatinou et al. 2003) and were interpreted to exhibit non-double-couple solutions resulting from magmatic fluid movements. Walker (1974) suggested that rising basic magma is trapped at around 4 to 5 km depth by low-density acid rocks in the Torfajökull volcanic area in a layer consisting of a stack of intrusive sheets. Therefore, we interpret these events as earthquakes triggered by basic magma injection into shallow layers of the crust. We suggest that the border between the layer consisting of intrusive sheets and acid rocks lies at around 3 km depth in the southwestern part of the caldera. Only a few events occurred in the central and northern part of the caldera during the recording period (2002 June to November). Therefore, we cannot furnish further evidence for the presence of a spherical volume void of earthquakes as reported by Soosalu & Einarsson (1997 , 2004 at 8 km depth. However, their studies were based on a longer period of observations (1991 July to 1995 October). As expected, no seismic activity has been observed in the fissure swarms to the NE and SW of the caldera region, because these rifting structures are mostly aseismic except during episodes of rifting and magmatism (Einarsson 1991) .
CONC L U S I O N S
The seismic data recorded with a temporary network of 20 stations and 9 surrounding permanent stations in the Torfajökull central volcanic region provide an excellent source for a detailed study of the seismicity in this region. We derived a new minimum 1-D model and applied a probabilistic non-linear earthquake relocation algorithm as well as relative earthquake relocation of linked events to obtain a high-precision pattern of high-frequency events. We obtain patterns showing a significantly tighter clustering and more detail than previous studies of seismicity in the Torfajökull region (Soosalu & Einarsson 1997 , 2004 . We find that high-frequency seismic activity in the Torfajökull volcanic area occurs almost exclusively within geothermally active areas. Seismic activity is highest in the geothermal field around Hrafntinnusker and the NW border of the caldera, and activity fades towards the centre of the caldera (Fig. 14) . No seismicity has been observed in the fissure swarms to the NE and SW of the caldera region. Earthquakes are rather small (magnitude <2.3) and shallow and do not exceed 6 km depth. These results are similar to studies carried out at other Icelandic volcanic areas (Einarsson 1991; Brandsdóttir & Menke 1992; Miller et al. 1998a) , where earthquakes usually have small magnitudes and are caused either by natural heat loss, which causes thermal contraction and cracking, or by interaction of magma with its surrounding medium. Beneath the Torfajökull caldera we observe a sharp cut-off of seismicity below 3 km and interpret this as a strong structural and/or temperature boundary. An underlying magmatic body or intrusive magmatic sheets could be the cause of this sharp cut-off and the cooling of such a body as a result of natural heat loss is probably the reason for the high-temperature geothermal area. Fault plane solutions suggest that seismicity in the NW is triggered by fault tectonics because they show NW-SE extension parallel to faults and fissures in this area. Caldera subsidence seems to control seismicity within the caldera. Two rather deep earthquakes show clear thrust mechanisms. Earthquakes showing thrust fault mechanisms in volcanic areas have been studied recently (Haroharo area by Hurst et al. 2002; Bardarbunga volcano by Konstatinou et al. 2003) and have been interpreted to exhibit non-double-couple solutions resulting from magmatic fluid movements. Hence, we interpret these earthquakes as magmatic events, where magma is injected into a shallow crustal layer without surface effusion. We also interpret the cut-off in seismicity we observe at around 3 km depth as a boundary between the layer consisting of intrusive sheets and acid rocks.
In our study, we do not find any direct evidence for a magma chamber or a body of cooling magma as suggested by previous studies (Eysteinsson & Hermance 1985; Soosalu & Einarsson 1997 , 2004 . Nevertheless, high-geothermal activity (heat loss), a sharp cut-off in shallow seismicity and earthquakes that are possibly triggered by magma injection into shallow layers strongly indicate the existence of such a body.
